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ABSTRACT 
HYDRAULIC RESISTANCE I N  ALLUVIAL CHANNELS 
An a n a l y t i c a l  study was conducted f o r  t he  de te rm ina t i on  o f  the  Weisbach 
res i s t ance  c o e f f i c i e n t  f o r  f l ow  i n  sand-bed s t r a i g h t  channels.  A v a i l -  
a b l e  exper imenta l  data were reanalyzed based on d imensional  a n a l y s i s  
and f l u i d  mechanics concepts.  I t  was found t h a t  f o r  f l ows  having w i d t h  
t o  depth r a t i o  g r e a t e r  than 5, t h e r e  i s  a unique and sys temat i c  r e l a -  
t ionsh i p  among t he  Wei sbach res i s t ance  c o e f f i c i e n t  f ,  the  Froude number 
o f  the f l ow,  and t he  sediment p a r t i c l e  s i z e  t o  h y d r a u l i c  r ad ius  r a t i o .  
The bed form which a l s o  i s  a dependent v a r i a b l e  i s  a l s o  un ique l y  de te r -  
mined. For f l o w  w i t h  Froude number l e s s  than 0.5 where i t s  e f f e c t  can 
be neglected,  t he  r es i s t ance  c o e f f i c i e n t  can be expressed as a f u n c t i o n  . 
o f  t he  Reynolds number,sediment s i z e  t o  h y d r a u l i c  r ad ius  r a t i o ,  and t h e  
sediment t e r m i n a l  f a l l  v e l o c i t y  t o  shear v e l o c i t y  r a t i o .  A p p l i c a t i o n  
o f  t h e  r e s u l t s  f o r  eng ineer ing  purposes i s  a l s o  discussed. The tech- 
n ique  f o r  eng ineer ing  a p p l i c a t i o n s  o f  the  r e s u l t s  appear t o  be q u i t e  
s imple.  
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NOTATION 
B = w i d t h  o f  channe l  
D = h y d r a u l i c  mean dep th  o f  f l o w  
d  = mean s i z e  o f  sediment p a r t i c l e s  
S 
4 
F  = body f o r c e  o f  f l u i d  
4 
F  = body f o r c e  o f  sediment B 
+ 
F  = r e s i s t a n c e  f o r c e  on sediment by f l u i d  R  
IF = Froude number, V / J ~  
. . .  F. = f u n c t i o n ,  i = 1,2, 
I 
f = Weisbach r e s i s t a n c e  c o e f f i c i e n t  
g  = g r a v i t a t i o n a l  a c c e l e r a t i o n  
k = measure o f  s u r f a c e  roughness f o r  r i g i d  boundary 
M = a n g u l a r  momentum 
m = mass o f  sediment p a r t i c l e  
S 
N  = d imens ion less  f l o w  o r  channe l  n o n u n i f o r m i t y  parameter  
p  = p r e s s u r e  i n t e n s  i t y  
Q = d i s c h a r g e  
R = h y d r a u l i c  r a d i u s  
R = Reynolds number, ~ P V R / ~  
S = w a t e r  s u r f a c e  s l o p e  
--L 
T  = t o r q u e  
t = t i m e  
V = mean v e l o c i t y  o f  f l o w  
+ 
V = v e l o c i t y  v e c t o r  o f  sediment p a r t i c l e  
s  
V = t e r m i n a l  f a l l  v e l o c i t y  o f  sediment p a r t i c l e  
t 
- 
V = shea r v e l o c i  t y ,  ,,/7 /P 
7 0 
5 = d imens ion less  c r o s s - s e c t i o n a l  shape f a c t o r  
p = dynamic v i s c o s i t y  o f  f l u i d  
p = d e n s i t y  o f  f l u i d  
s  
= d e n s i t y  o f  sediment 
a = s t a n d a r d  d e v i a t i o n  f rom mean s i z e  o r  g r a d a t i o n  o f  sediment 
7 = average bed-shear s t r e s s  
0 
I. INTRODUCTION 
The economy and e f f e c t i v e n e s s  o f  many water resources 
p r o j e c t s  r e l a t e d  t o  f l ow  i n  channels depend on the accuracy o f  the  
de te rm ina t i on  o f  hydrau l  i c  r es i s t ance .  The res i s t ance  t o  f l ow  a f f e c t s  
n o t  on l y  the  capac i t y  and s tage o f  an a l l u v i a l  channel  b u t  a l s o  the 
v e l o c i t y  d i s t r i b u t i o n  and t he  c o n f i g u r a t i o n  o f  t he  movable bed. Thus, 
the  h y d r a u l i c  r es i s t ance  i s  a  v i t a l  f a c t o r  i n  success fu l  des ign and 
p l ann ing  o f  f l u v i a l  h y d r a u l i c  eng inee r i ng  works such as f l o o d  c o n t r o l ,  
r i v e r  channel  t r a i n i n g ,  bank s t a b i l i z a t i o n ,  sediment and e ros i on  con- 
t r o l ,  cana l  design, and p o l l u t a n t  d i f f u s i o n  c o n t r o l  i n  r i v e r s .  
The f l ow  res i s t ance  o f  c l e a r  water  i n  a  f i xed-bed  s t r a i g h t  
channel  has been s tud ied  e x t e n s i v e l y .  For t h e  case o f  steady un i f o rm  
f l o w  i t  can be p r e d i c t e d  w i t h  a  s a t i s f a c t o r y  degree o f  c e r t a i n t y .  How- 
ever ,  i n  a l l u v i a l  streams t he  problem i s  comp l i ca ted  by the  presence o f  
-9- 
sediment i n  t he  f l ow .  Observat ions have shown (46)" t h a t  t he  f r i c t i o n  
f a c t o r  f o r  sediment- laden f lows  v a r i e s  over  an app rec i ab le  range. The 
conven t i ona l  eng ineer ing  p r a c t i c e  o f  us i ng  the  Manning o r  Chezy r e s i s t -  
ance f a c t o r s  i n  p r e d i c t i n g  a l l u v i a l  channel  f l ow  behav iors  has been 
found, i n  many ins tances,  t o  be u n s a t i s f a c t o r y .  No r i go rous  t heo re t  i- 
c a l  method has been developed t o  p r e d i c t  s a t i s f a c t o r i l y  the h y d r a u l i c  
r es i s t ance  o f  sediment- laden f lows because o f  t he  comp lex i t y  o f  the  
problem. Most o f  the a n a l y t i c a l  approaches on the  sub jec t  cons ider-  
i n g  the f l ow  and sediment c h a r a c t e r i s t i c s  a c t u a l l y  deal  w i t h  bed 
-1. 
Numerals i n  parentheses r e f e r  t o  cor responding i tems i n  REFERENCES. 
c o n f i g u r a t i o n  i n s t e a d  o f  d e a l i n g  e x p l i c i t l y  w i t h  t h e  h y d r a u l i c  r e s i s t -  
ance.  The p r e s e n t  s tudy  i s  an a t t e m p t  t o  r e l a t e  t h e  h y d r a u l i c  r e s i s t -  
ance t o  sediment and f l o w  c h a r a c t e r i s t i c s  by a n a l y z i n g  a v a i l a b l e  
e x p e r i m e n t a l  da ta  based on d imens iona l  a n a l y s i s  and f l u i d  mechanics 
concep ts .  The main o b j e c t i v e s  a r e  t o  i n v e s t i g a t e  t h e  r e l a t i v e  im- 
p o r t a n c e  o f  t h e  f a c t o r s  a f f e c t i n g  h y d r a u l i c  r e s i s t a n c e  and t o  deve lop 
a  s i m p l e  techn ique  t o  de te rm ine  t h e  h y d r a u l i c  r e s i s t a n c e ,  w i t h o u t  
advanced knowledge o f  bed form o f  t h e  f l o w ,  f o r  e n g i n e e r i n g  a p p l i c a t i o n s .  
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11. RELATED PREVIOUS WORK ON FLOW I N  MOVABLE-BED CHANNELS 
Since G i l b e r t  ( 1  7) observed and reco rded  d i  f f e r e n t  t ypes  o f  
bed fo rm i n  f l o w  w i t h  f i n e  p a r t i c l e s ,  t h e  e f f e c t  o f  sediment on r e s i s t -  
ance t o  f l ow  has been g i v e n  s e r i o u s  c o n s i d e r a t i o n  by many i n v e s t i g a t o r s .  
The m a j o r i t y  o f  p r e v i o u s  i n v e s t i g a t i o n s  may be c a t e g o r i z e d  i n t o  a  group 
f o c u s i n g  on t h e  sediment t r a n s p o r t  c a p a c i t y  and t r a n s p o r t  p rocess  o f  
sed imen t -bear ing  f l o w s .  Most o f  t h e  s t u d i e s  i n  t h i s  c a t e g o r y  were based 
on r e s u l t s  o f  l a b o r a t o r y  f lume exper imen ts .  Ava i l a b l e  da ta  t o g e t h e r  
w i t h  a s s o c i a t e d  e x p e r i m e n t a l  c o n d i t i o n s  p r i o r  t o  1942 were comp i led  by 
Johnson ( 2 1 ) .  Among t h e  numerous i n v e s t i g a t i o n s  i n  t h i s  c a t a g o r y  t h e  
r e p r e s e n t a t i v e  works a f t e r  1942 a r e  those by E i n s t e i n  (11, 12),  Vanoni (45 ) ,  
K a l i n s k i  (22),  Bagno ld  (2 ) ,  B a r t o n  and L i n  (4 ) ,  Brooks (5 ) ,  Laursen (29 ) ,  
Ya l  i n  (49),  Colby ( l o ) ,  and S t e i n  (44) . I n  these  s t u d i e s  t h e  f l o w  re-  
s i s t a n c e  i s  r e l a t e d  t o  e i t h e r  t h e  sediment t r a n s p o r t  c a p a c i t y  o r  t h e  
bounda r y  shea r s t r e s s  . 
Chien (9) ,  Vanoni and Brooks (46) ,  L i u  and Hwang (32),  
Kennedy (24),  Simons and Richardson (40,  42),  Engelund (14) ,  Raudk iv i  (35), 
and Smi th  (43),  each gave e x c e l l e n t  d i s c u s s i o n s  on t h e  s u b j e c t  o f  r e s i s t -  
ance t o  sed imen t -bear ing  f l o w s .  However, none o f  t h e  above ment ioned 
s t u d i e s  o f f e r s  a  s i m p l e  d i  r e c t  t echn ique  t o  e v a l u a t e  t h e  h y d r a u l i c  r e s i s t -  
ance i n  movable-bed channe ls .  
Kennedy (23, 25),  Langbein (27) ,  L i u  (31) ,  Simons (39) ,  Simons 
and Richardson (41), Vanoni and Nomicos (48) ,  and o t h e r s  i n v e s t i g a t e d  t h e  
mechanics o f  f o r m a t i o n  o f  b e d  form and t h e  e f f e c t s  o f  bed form on hydrau- 
l i c  r e s i s t a n c e .  T h e i r  p r i m a r y  emphasis was on t h e  i n f l u e n c e s  o f  bed shear 
and Froude number on d i f f e r e n t  t ypes  o f  bed form.  I n  t h i s  approach 
t h e  e s t i m a t i o n  o f  h y d r a u l  i c  r e s i s t a n c e  i s  i m p o s s i b l e  w i t h o u t  advanced 
knowledge o f  t h e  bed fo rm f o r  t h e  f l o w .  
Meyer-Peter  and M u l l e r  (34) ,  E i n s t e i n  and Barbarossa (13),  and 
Shen (38) u s i n g  t h e  concept  o f  s u p e r p o s i t i o n  s u b d i v i d e d  t h e  t o t a l  r e s i s t -  
ance, expressed as a  shear,  i n t o  components. D e s p i t e  t h e  f a c t  t h a t  t h i s  
approach appears  t o  be q u i t e  p r o m i s i n g ,  f u r t h e r  v e r i f i c a t i o n  o f  t h e  l i rr 
e a r  assu~npt  i o n  o f  s u p e r p o s i t i o n  f o r  t h e  complex p rob lem i s  necessary .  
Moreover,  i n  t h i s  approach t h e  e f f e c t  o f  sediment on t h e  f l o w  i s  n o t  
obv ious  and e x p l  i c  i t exp ress  i ons  f o r  t h e  r e l a t i o n s h i p  between t h e  sed i -  
ment c h a r a c t e r i s t i c s  and t h e  f l o w  r e s i s t a n c e  have n o t  been o b t a i n e d .  
Recen t l y  f o l l o w i n g  t h i s  concept  o f  s u b d i v i s i o n  Vanoni and Hwang (47) 
succeeded i n  r e l a t i n g  f r i c t i o n  f a c t o r s  t o  g e o m e t r i c  parameters  o f  sand 
r i p p l e s ,  and Raudk iv i  (36) a t t e m p t s  t o  c o r e l a t e  t h e  bed shear t o  t h e  
f r i c t i o n  f a c t o r .  
C e r t a i n  i n v e s t i g a t o r s  i n c l u d i n g  Lacey (26),  B lench  (5, 6) ,  
Ackers  (I), Garde and Ranga Raju  (15, 16) ,  and Hayn ie  and Simons (19) 
s t u d i e d  t h e  p rob lem f rom t h e  regime t h e o r y  approach.  Others ,  such as 
Leopo ld  and Maddock (30) and Langbein (28) ,  u s i n g  f i e l d  o b s e r v a t i o n s ,  
s t u d i e d  t h e  p rob lem f rom t h e  p h y s i o g r a p h i c  p o i n t  o f  v iew .  
111. DIMENSIONAL ANALYSIS AND THEORETICAL BACKGROUND 
For  a  f l u i d  c a r r y i n g  c o h e s i o n l e s s  sediment f l o w i n g  i n  a  
s t r a i g h t  channe l ,  t h e  h y d r a u l i c  r e s i s t a n c e  t o  t h e  f l o w  i s  a  f u n c t i o n  
o f  t h e  f l o w  c h a r a c t e r i s t i c s ,  t h e  geometry o f  t h e  channe l  c r o s s  s e c t i o n ,  
and t h e  p r o p e r t i e s  o f  t h e  f l u i d  and sed iment .  For s teady f l o w  t h e  
Weisbach r e s i s t a n c e  c o e f f i c i e n t  f can be expressed as 
where p and p a r e  d e n s i t y  and dynamic v i s c o s i t y  o f  t h e  f l u i d ;  Ps, ds, 
and a a r e  d e n s i t y ,  mean s i z e ,  and g r a d a t i o n  o r  s t a n d a r d  d e v i a t i o n  f rom 
t h e  mean s i z e  o f  t h e  sediment p a r t i c l e s ,  r e s p e c t i v e l y ;  g  i s  g r a v i t a -  
t i o n a l  a c c e l e r a t i o n ;  S  i s  average s u r f a c e  s lope ;  V and D a r e  mean 
v e l o c i t y  and h y d r a u l i c  mean dep th  o f  t h e  f l o w ,  r e s p e c t i v e l y ;  and 6 rep- 
r e s e n t s  a  nond imens iona l  c r o s s - s e c t i o n a l  shape f a c t o r .  I n  Eq. 1  t h e  
average s u r f a c e  s l o p e  S  i s  assumed t o  be equa l  t o  t h e  average channe l  
b o t t o m  s l o p e  ove r  t h e  l e n g t h  o f  t h e  channe l  c o n s i d e r e d .  I t  i s  a l s o  
assumed t h a t ,  excep t  f o r  t h e  i r r e g u l a r i t i e s  o f  t h e  bed f o r m a t i o n ,  chan- 
n e l  c r o s s - s e c t i o n a l  n o n u n i f o r m i t i e s  such as c o n t r a c t i o n  and expans ion 
do n o t  e x i s t .  Otherwise f a c t o r s  d e s c r i b i n g  t h e  n o n u n i f o r m i t i e s  shou ld  
be i n c l u d e d .  
Through d imens iona l  a n a l y s i s ,  Eq. 1  can be w r i t t e n  nondimen- 
s i o n a l l y  as  
where t h e  Froude number o f  t h e  f l o w ,  IF = ~/fi, r e p r e s e n t s  t h e  e f f e c t  
o f  g r a v i t y  on t h e  f l ow ;  t h e  Reynolds number, R = 4pVR/p,, r e p r e s e n t s  
t h e  e f f e c t  o f  v i s c o s i t y  o f  t h e  f l u i d ;  and R i s  t h e  h y d r a u l i c  r a d i u s  
o f  t h e  c r o s s  s e c t i o n .  The d imens ion less  parameter  d  / R  i n d i c a t e s  t h e  
S 
i n t e r f e r e n c e  o f  t h e  sediment p a r t i c l e s ,  d i r e c t l y  by t h e i r  s i z e s  o r  
i n d i r e c t l y  by f o r m a t i o n  o f  v a r i o u s  t y p e s  o f  bed forms, t o  t h e  f l o w  i n  
t h e  channe l .  
For n a t u r a l  r i v e r s  o r  l a b o r a t o r y  exper imen ts  w i t h  sand and 
wa te r ,  t h e  r a t i o  p  /P  i s  a p p r o x i m a t e l y  a  c o n s t a n t .  S ince t h e  e f f e c t  
S 
o f  g r a v i t y  t o  t h e  f l o w  i s  accounted f o r  by t h e  Froude number, t h e  te rm 
S  i n  Eq. 2 i n d i c a t e s  t h e  a d d i t i o n a l  p r e s s u r e  g r a d i e n t  on t h e  sediment 
p a r t i c l e s  and i t s  subsequent e f f e c t  on t h e  h y d r a u l i c  r e s i s t a n c e .  Usu- 
a l l y  t h e  magni tude o f  S  i s  s m a l l  and i t s  e f f e c t  on f i s  r e l a t i v e l y  l e s s  
i m p o r t a n t .  However, s i n c e  t h e  pa ramete rs  p  / p  and S  a r e  two o f  t h e  
s  
f a c t o r s  c o n t r o l l i n g  t h e  m o b i l i t y  o f  t h e  sediment p a r t i c l e s  i n  t h e  f l ow ,  
t h e s e  two parameters  may be combined i n t o  one r e p r e s e n t i n g  t h e  r e l a t i v e  
m o b i l i t y  o f  t h e  sed iment .  By i n t r o d u c i n g  t h e  shear v e l o c i t y  V =,./7o/P, 7 
where T = pgRS i s  t h e  average bed-shear s t r e s s ,  and t h e  t e r m i n a l  f a l l  
0 
v e l o c i t y  o f  t h e  sediment V  Eq. 2 can be s i m p l i f i e d  a s  
t '  
For  s teady f l o w  i n  channe ls  w i t h o u t  sediment,  t h e  e x p r e s s i o n  
f o r  t h e  Weisbach r e s i s t a n c e  c o e f f i c i e n t ,  Eq. 3, may be s i m p l i f i e d  w i t h  
t h e  a l l owance  o f  n o n u n i f o r m i t y  o f  t h e  f l o w ,  as 
where k  i s  a  measure o f  t h e  boundary roughness and N i s  a  nond imens iona l  
parameter  d e s c r i b i n g  t h e  nonuni  f o r m i  t y .  Rouse (37)  suggested t h a t  s teady 
open-channel  f l o w  r e s i s t a n c e  can be  s u b d i v i d e d  i n t o  t h r e e  groups:  
(a) Su r face  r e s i s t a n c e  due t o  v i s c o s i t y  o f  t h e  f l u i d  and geomet r i c  
t e x t u r e  o f  t h e  channe l  boundary a s  r e p r e s e n t e d  by t h e  parameters  R,  
k/R, and 5 i n  Eq. 4; (b) f o r m  r e s i s t a n c e  due t o  nonun i f o r m i  t y  o f  t h e  
f l o w  a s  r e p r e s e n t e d  by t h e  d imens ion less  parameter  N; and (c )  wave re- 
s i s t a n c e  due t o  e x i s t e n c e  o f  a  f r e e  s u r f a c e  i n  a  g r a v i t y  f i e l d ,  a s  
r e p r e s e n t e d  by t h e  Froude number i n  Eq. 4 .  Only f o r  s teady u n i f o r m  f l o w  
w i t h  n o  sediment and no a p p r e c i a b l e  g r a v i t y  e f f e c t  have t h e  Manning 
roughness f a c t o r  and Chezy 's  c o e f f i c i e n t  been t h e o r e t i c a l l y  j u s t i f i e d  
( 5 1 ) .  A t  p r e s e n t  no g e n e r a l l y  a c c e p t a b l e  q u a n t i t a t i v e  d e s c r i p t i o n  o f  
t h e  e f f e c t s  o f  t h e  Froude number and n o n u n i f o r m i t y  o f  t h e  f l o w  on hydrau- 
l i c  r e s i s t a n c e  has been developed.  
The presence o f  sediment p a r t i c l e s  i n  t h e  f l o w  a f f e c t s  t h e  
h y d r a u l i c  r e s i s t a n c e  i n  two d i s t i n c t  ways: (a) The channe l  boundary 
may be m o d i f i e d  as  a  r e s u l t  o f  t h e  f o r m a t i o n  o f  d i f f e r e n t  t ypes  o f  bed 
forms such as  dunes and r i p p l e s .  The f l o w  i s  l o c a l l y  nonun i fo rm.  Conse- 
q u e n t l y  t h e  form r e s i s t a n c e  and wave r e s i s t a n c e  (due t o  t h e  d e f o r m a t i o n  
o f  t h e  f r e e  s u r f a c e )  wou ld  be m o d i f i e d .  Even i f  t h e  movement o f  t h e  
r i p p l e s ,  dunes, o r  a n t i d u n e s  i s  v e r y  s low, such bed forms wou ld  a c t  some- 
what s i m i l a r  t o  l a r g e  roughness e lements  wh ich  produce a d d i t i o n a l  energy 
l o s s e s  (50), (b) The v e l o c i t y  g r a d i e n t  o f  t h e  f l o w ,  i n  p a r t i c u l a r  t h e  
l o c a l  v e l o c i t y  g r a d i e n t  o f  t h e  f l u i d  a round  t h e  moving sediment p a r t i c l e s  
- 
i s  m o d i f i e d ,  and consequen t l y ,  t h e  p rocesses  o f  energy d i s s i p a t i o n  due 
t o  v i s c o s i t y  o f  t h e  f l u i d  i s  a l t e r e d .  
T h e o r e t i c a l l y ,  t h e  m o t i o n  o f  t h e  f l u i d  and sediment, and 
consequen t l y  t h e  f l o w  r e s i s t a n c e ,  can be found  by s o l v i n g  t h e  equa- 
t i o n s  o f  c o n t i n u i t y  and m o t i o n  o f  t h e  f l u i d  
and t h e  e q u a t i o n s  o f  m o t i o n  f o r  t h e  sediment 
+ 4 
where V i s  t h e  v e l o c i t y  v e c t o r  o f  t h e  f l u i d ,  t i s  t ime,  F  i s  t h e  body 
f o r c e  o f  t h e  f l u i d ,  p  i s  p ressu re ,  and p and y a r e  t h e  d e n s i t y  and v i s -  
c o s i t y  o f  t h e  f l u i d ,  r e s p e c t i v e l y ,  m i s  t h e  mass o f  t h e  sediment p a r t i -  
s  
i- 4 
c l e  under  c o n s i d e r a t i o n ,  V i s  t h e  v e l o c i t y  v e c t o r  o f  t h e  sediment, F6 
s  
--+ 
i s  t h e  body f o r c e  o f  t h e  sediment p a r t i c l e ,  F  i s  t h e  r e s i s t a n c e  f o r c e  R 
-+ 
on t h e  sediment by t h e  f l u i d ,  T  i s  t h e  t o r q u e  a c t i n g  on t h e  sediment,  
-+ 
and M i s  t h e  a n g u l a r  momentum o f  t h e  sed iment .  However, i n  p r a c t i c e  even 
w i t h  known a p p r o p r i a t e  i n i t i a l  and boundary c o n d i t i o n s  u s u a l l y  n u m e r i c a l  
s o l u t i o n s  o f  t hese  e q u a t i o n s  cannot  be o b t a i n e d  because o f  t h e i r  h i g h l y  
n o n l i n e a r  n a t u r e  and t h e  p r e s e n t  i n s u f f i c i e n t  knowledge on t u r b u l e n c e .  
There fo re ,  e x p e r i m e n t a l  r e s u l t s  a r e  u s u a l l y  i n t e r p r e t e d  t o  y i e l d  t h e  
needed i n f o r m a t i o n .  
I n  most o f  t h e  l a b o r a t o r y  exper imen ts ,  t h e  channe l  has a  rec-  
t a n g u l a r  c o r s s  s e c t i o n  so t h a t  t h e  c r o s s - s e c t i o n a l  shape f a c t o r  can be 
rep resen ted  by B/D,  where B i s  t h e  w i d t h  o f  t h e  channe l ,  and t h e  sed i -  
ment p a r t i c l e s  a r e  o f  a p p r o x i m a t e l y  u n i f o r m  s i z e .  Hence, E q .  3 may be 
s i m p l i f i e d  as  
I V .  ANALYSIS OF DATA 
The dependence o f  t h e  Weisbach r e s i s t a n c e  c o e f f i c i e n t  on s i x  
d imens ion less  c o n t r o l  parameters  a s  i n d i c a t e d  i n  Eq. 3 n e c e s s i t a t e s  a  
l a r g e  amount o f  r e l i a b l e  da ta  t o  be a n a l y z e d  t o  y i e l d  u s e f u l  in forma-  
t i o n  on h y d r a u l i c  r e s i s t a n c e  i n  movable-bed channe ls .  Because o f  t h e  
accu racy  and r e l i a b i l i t y  o f  t h e  measurements, o n l y  those  da ta  o b t a i n e d  
f rom c o n t r o l l e d  l a b o r a t o r y  f l ume exper imen ts  a r e  used i n  t h e  p r e s e n t  
s t u d y .  A summary o f  t h e  l a b o r a t o r y  e x p e r i m e n t a l  da ta  used i n  t h e  p r e -  
s e n t  s t u d y  i s  l i s t e d  i n  T a b l e  1. D e t a i l s  on e x p e r i m e n t a l  equipment and 
c o n d i t i o n s  f rom wh ich  these data  were o b t a i n e d  can be found i n  t h e  re- 
s p e c t i v e  o r i g i n a l  p u b l i c a t i o n s .  
The data  u t  i 1  i z e d  were  a n a l y z e d  i n  accordance w i t h  Eq. 9.  
S ince  f o r  a l l  t h e  data  u t i l i z e d  t h e  exper imen ts  were pe r fo rmed  i n  f lumes 
w i t h  r e c t a n g u l a r  c r o s s  s e c t i o n s ,  t h e  channe l  w i d t h  B  I s  equa l  t o  t h e  
w a t e r  s u r f a c e  w i d t h ,  and t h e  average dep th  o f  t h e  f l o w  i s  e q u a l  t o  t h e  
h y d r a u l i c  mean depth  D. Consequent ly ,  t h e  h y d r a u l i c  r a d i u s  R i s  com- 
p u t e d  a s  
and f o r  a  g i v e n  d i s c h a r g e  Q t h e  mean v e l o c i t y  i s  
I n  a d d i t i o n ,  t h e  f o l l o w i n g  e q u a t i o n s  were used f o r  t h e  compu ta t i on  o f  
t h e  magni tude o f  t h e  parameters  i n  Eq. 9.  
The da ta  ana lyzed  a r e  t a b u l a t e d  i n  Appendix.  
A l t h o u g h  t h e  l i m i t e d  amount o f  a v a i l a b l e  l a b o r a t o r y  e x p e r i -  
men ta l  da ta  w i t h  B/D < 5  had been ana lyzed,  p r e l  i m i n a r y  s tudy  r e v e a l e d  
t h a t  t h e s e  da ta  were i n s u f f i c i e n t  t o  y i e l d  s i g n i f i c a n t  i n f o r m a t i o n .  
There fo re ,  i t  was dec ided  t h a t  e x p e r i m e n t a l  da ta  w i t h  B/D < 5  wou ld  n o t  
be i n c l u d e d  i n  t h i s  r e p o r t .  However, i n  t h e  t a b l e s  i n  Appendix,  f o r  
t h e  s e r i e s  o f  exper imen ts  w i t h  B/D b o t h  g r e a t e r  and l e s s  t h a n  5, t h e  
da ta  f o r  B/D < 5  were a l s o  i n c l u d e d  f o r  t h e  sake o f  comple teness.  More- 
over ,  f o r  c e r t a i n  exper imen ts  t h e r e  were i n s u f f i c i e n t  i n f o r m a t i o n  t o  make 
s i d e - w a l l  c o r r e c t i o n s  t o  accoun t  f o r  t h e  d i f f e r e n c e  i n  s u r f a c e  roughness 
between channe l  bed and s i d e  w a l l s .  For t h e  sake o f  c o n s i s t e n c y  no s ide -  
w a l l  c o r r e c t i o n  was made i n  t h i s  s t u d y .  Such s i d e - w a l l  c o r r e c t i o n  i s  
p a r t i c u l a r l y  i m p o r t a n t  f o r  f l o w s  w i t h  s m a l l  B/D. 
The ana lyzed  r e s u l t s  w i t h  B/D > 5  a r e  p r e s e n t  g r a p h i c a l l y  i n  
f o u r  f i g u r e s .  F i g u r e  1  i s  a  p l o t  o f  f v s .  6 w i t h  t h e  sou rce  o f  da ta  
- 
shown f o r  each p o i n t .  The bed forms f o r  t h e  p o i n t s  a r e  a l s o  g iven,  
i f  t he  i n f o rma t i on  i s  a v a i l a b l e  from the  o r i g i n a l  data .  The va lue  o f  
ds/R i s  shown a t  t he  lower r i g h t  co rner  o f  each p o i n t  and t he  va lue  
o f  the  Reynolds number a t  upper l e f t  co rne r .  F i gu re  2 i s  a  s i m i l a r  
p l o t  o f  f vs.  F as F i g .  1  f o r  p lane  bed. For each p o i n t  i n  F i g .  2 
the  va lues o f  Vt/VT and B/D as w e l l  as R and dS/R a r e  g iven .  I t  
shou ld  be no ted  t h a t  on l y  f o r  F i g .  2 analyzed data f o r  f l ows  w i t h  
p l ane  bed hav ing  B/D < 5 a r e  inc luded .  F i gu re  3 i s  a  l o g a r i t h m i c  p l o t  
o f  f vs R i n  t he  same format as t he  Moody diagram f o r  p l ane  bed data.  
The corresponding f - R curves  from the  Moody diagram f o r  steady un i -  
form f lows  on r i g i d  boundary w i t h  va r i ous  va lues o f  r e l a t i v e  su r f ace  
roughness k/R a r e  a l s o  shown f o r  convenience i n  comparison. F i gu re  4 
c o n s i s t s  o f  l o g a r i t h m i c  p l o t s  o f  f vs. R f o r  F < 0.45 f o r  t h r e e  d i f -  
f e r e n t  ranges o f  V / V  For each p o i n t  i n  F i g .  4 t h e  va lues shown are,  
t 7 '  
f rom l e f t  t o  r i g h t ,  upper co rners  V / V  B/D, lower co rne rs  F and dS/R. t I-' 
TABLE 1. Summary o f  Data U t i l i z e d  
Source o f  Data Flume S i ze  Gra in  Size No. o f  Discharge Slope Depth Mean Reference 
Runs Ve loc i  t y  
f t mm c f s  
I % f t  fps 
Width Depth Length Median Gradat ion  min. max. min. max. min.  max. min.  max. 
S ize  o 
Colorado S t a t e  
U n i v e r s i t y  8 2 
Bar ton and L i n  4 
Brooks 0.875 0.833 
Vanoni and Brooks 2.79 1 
Kennedy 0.875 0.833 
Kennedy 2.79 1 
Kennedy 2.79 1 
Venoni and Hwang 3.61 
S t e i n  4 
FIG, I ( a )  RESISTANCE COEFFICIENT AS FUNCTION OF FROUDE NUMBER 
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V.  DISCUSSION OF RESULTS 
Resis tance C o e f f i c i e n t  f o r  Sand Bed Channels 
As shown i n  Eq. 9, f o r  steady f l o w  i n  s t r a i g h t  channels o f  
cons tan t  w i d t h  and s lope  w i t h  t he  bed covered by approx imate ly  un i f o rm  
s i z e  sand, t he  Weisbach res i s t ance  c o e f f i c i e n t  f i s  a  unique f u n c t i o n  
o f  the  Froude number, F, Reynolds number, R, p a r t i c l e  s i z e  t o  h y d r a u l i c  
r ad ius  r a t i o ,  d  /R,  p a r t i c l e  f a l l  v e l o c i t y  t o  bed shear v e l o c i t y  r a t i o ,  
s  
V t /VT ,  and t he  w id th -dep th  r a t i o .  For a  g i v e n  d ischarge i n  such a  chan- . 
ne l ,  t he  r e s i s t a n c e  c o e f f i c i e n t  as w e l l  as t he  bed form i s  un ique ly  
determined. I n  o t h e r  words, the  bed form i s  a  f u n c t i o n  o f  t he  same' 
parameters a f f e c t i n g  f, i .e., 
dS Vt B Bed form = F6 (F, R, F, a,  ?) 
T 
Equat ion 9 shows t h a t  the  f l o w  r e s i s t a n c e  i s  a  s i x -d imens iona l  
problem and f can be determined w i t h o u t  knowing t he  bed form. The f a l l  
v e l o c i t y  t o  shear v e l o c i t y  r a t i o ,  V / V  , accounts f o r  t he  m o b i l i t y  o f  
t T 
sediment p a r t i c l e s  i n  the  f l o w  and i s  e s s e n t i a l l y  a  convenient  s u b s t i t u -  
t i o n  f o r  the  instantaneous Reynolds number o f  t h e  sediment t o  descr ibe  
t h e  e f f e c t  due t o  v i s c o s i t y  o f  the  f l u i d  and the  i n e r t i a  o f  t he  sediment. 
The e f f e c t s  o f  t he  Froude number, Reynolds number,and bed shear-conse- 
q u e n t l y  t h a t  o f  V / V  - on bed form have been s t u d i e d  e x t e n s i v e l y  (7, 33, 
t T  
35) .  Nonetheless, the e f f e c t s  o f  the  o t h e r  two nondimensional  parameters, 
d  / R  and B/D, has no t  'been emphasized. 
S 
The w i d t h - d e p t h  r a t i o ,  B /D ,  r e p r e s e n t s  t h e  e f f e c t  o f  
geometry o f  t h e  c r o s s  s e c t i o n .  I t s  i n f l u e n c e  on t h e  r e s i s t a n c e  c o e f -  
f i c i e n t  o r  t h e  bed fo rm wou ld  n o t  be underes t ima ted  i f  one r e a l i z e s  
t h e  emphasis on s i d e - w a l l  c o r r e c t i o n s  made by many i n v e s t i g a t o r s  (12, 
20, 46).  The presence o f  s i d e  w a l l s  c r e a t e s  a  t h r e e - d i m e n s i o n a l  e f f e c t  
on t h e  f l o w .  As a  r e s u l t  t h e r e  a r e  l a t e r a l  v e l o c i t y  g r a d i e n t s  and 
secondary c u r r e n t s ;  consequen t l y ,  t h e  bed p a t t e r n s  may be m o d i f i e d .  
T h i s  s i d e - w a l l  e f f e c t  i s  p a r t i c u l a r l y  i m p o r t a n t  when B/D i s  s m a l l .  
U n f o r t u n a t e l y ,  as d i s c u s s e d  i n  t h e  p r e c e d i n g  c h a p t e r ,  t h e  
a v a i l a b l e  data  c o l l e c t e d  and ana lyzed  i n  t h e  p r e s e n t  s tudy  c o n s i s t s  o f  
a  s m a l l  amount o f  e x p e r i m e n t a l  r e s u l t s  w i t h  va lues  o f  B/D l e s s  than 5.  
Consequent ly ,  n o  d e f i n i t e  t r e n d  o f  t h e  e f f e c t  o f  B/D on f can be i d e n t i -  
f i e d .  However, p r e l i m i n a r y  a n a l y s i s  o f  t h e  r e s u l t s  do show obv ious  
e f f e c t s  o f  t h e  w i d t h - d e p t h  r a t i o ,  p a r t i c u l a r l y  f o r  low v a l u e s  o f  B/D. 
N e v e r t h e l e s s ,  because o f  t h e  i n s u f f i c i e n t  amount o f  da ta  i n  t h i s  r e p o r t ,  
t h e  s tudy  o f  h y d r a u l i c  r e s i s t a n c e  i s  l i m i t e d  t o  B / D  > 5.  Ana lyzed  ex- 
p e r i m e n t a l  r e s u l t s  r e v e a l  t h a t  f o r  B/D > 5, t h e  e f f e c t  due t o  change o f  
v a l u e s  o f  B / D  on f i s  r e l a t i v e l y  s m a l l  and E q .  9 can be s i m p l i f i e d  a s  
For s u b c r i t i c a l  f l o w  w i t h  low F i n  sand bed channe ls ,  t h e  wave 
r e s i s t a n c e  i s  r e l a t i v e l y  s m a l l  , i n  compar ison t o  t h e  fo rm and s u r f a c e  re- 
s i s t a n c e s .  T h e r e f o r e ,  f o r  a  g i v e n  v a l u e  o f  Froude number f v a r i e s  ove r  
a  l a r g e  range due t o  changes o f  v a l u e s  o f  R, dS/D, o r  V / V  and t h e  
t 7  
e f f e c t  o f  IF i s  r e l a t i v e l y  un, impor tant .  I n  f a c t ,  i f  F i s  s u f f i c i e n t l y  
low, t h e  p h y s i c a l  phenomenon o f  t h e  open-channel  f l o w  i s  q u i t e  s i m i l a r  
t o  t h a t  f o r  p i p e  f l o w  w i t h  sand bed f o r  wh ich  
d  
f , Bed fo rm = (R, x, ,,
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C o n t r a r i l y ,  f o r  s u p e r c r i t i c a l  f l o w  and t h e  h i g h  range o f  s u b c r i t i c a l  
f l o w  t h e  wave r e s i s t a n c e  becomes r e l a t i v e l y  i m p o r t a n t .  Consequent ly ,  
t h e  f l o w  r e s i s t a n c e  i s  expec ted  t o  depend h e a v i l y  on t h e  Froude number, 
p a r t i c u l a r l y  i f  t h e  v a l u e  o f  t h e  Reynolds number i s  h i g h .  
E f f e c t  o f  Froude Number on Res is tance  C o e f f i c i e n t  
As i n d i c a t e d  i n  Eq. 17, t h e  Weisbach r e s i s t a n c e  c o e f f i c i e n t  f 
v a r i e s  w i t h  t h e  Froude Number o f  t h e  f l o w .  Indeed,  as shown i n  F i g .  1, 
f o r  t h e  range o f  t h e  exper imen ts  ana lyzed,  t h e r e  i s  a  d e f i n i t e  r e l a t i o n -  
s h i p  between f and IF f o r  a  g i v e n  v a l u e  o f  d  /R. For  a  c o n s t a n t  dS/R l e s s  
S 
t han  a p p r o x i m a t e l y  0.005, s t a r t i n g  f rom a  s m a l l  v a l u e  o f  F, t h e  r e s i s t -  
ance c o e f f i c i e n t - F r o u d e  number r e l a t i o n s h i p  shows t h a t  f i nc reases  r a p i d l y  
w i t h  s m a l l  increment  o f  F, reaches a  maximum and then decreases r a p i d l y  
w i t h  i n c r e a s i n g  F u n t i l  t h e  Froude number approaches u n i t y ,  t h e n  i t  in -  
c reases  a g a i n  w i t h  $ u n t i l  ano the r  r e l a t i v e l y  s m a l l  maximum i s  reached.  
For  f u r t h e r  i nc reases  i n  F t h e  r e s i s t a n c e  c o e f f i c i e n t  decreases asymp- 
t o t i c  t o  a  c o n s t a n t  v a l u e .  T h i s  v a r i a t i o n  o f  f w i t h  F f o r  a  g i v e n  d  /R 
S 
i s  o b v i o u s l y  a  r e s u l t  o f  t h e  change o f  t h e  bed c o n f i g u r a t i o n s .  
For  sma l l1F  w i t h  s u f f i c i e n t l y  s low  f l o w  so t h a t  t h e r e  i s  no 
movement o f  bed m a t e r i a l s ,  t h e  p l a n e  bed c o n f i g u r a t i o n  w i l l  remain i f  i t  
was i n i t i a l l y  so.  There i s  no fo rm r e s i s t a n c e  due t o  i r r e g u l a r i t i e s  o f  
- - 
bed fo rm and t h e  wave r e s i s t a n c e  i s  n e g l i g i b l y  s m a l l .  Consequent ly ,  t h e  
f l o w  r e s i s t a n c e  i s  r e l a t i v e l y  s m a l l  and t h e  c o n v e n t i o n a l  Moody diagram 
i s  a p p l i c a b l e  i f  t h e  c o r r e s p o n d i n g  v a l u e  o f  s u r f a c e  roughness k can be 
de te rm ined .  
As IF inc reases  movement o f  bed m a t e r i a l s  occu rs  and hence f 
i n c r e a s e s .  W i t h  t h e  f o r m a t i o n  o f  r i p p l e s  o r  dunes t h e  f l o w  becomes l o -  
c a l l y  nonun i fo rm and form r e s i s t a n c e  due t o  r i p p l e s  o r  dunes deve lops.  
As a  r e s u l t  t h e  r e s i s t a n c e  c o e f f i c i e n t  i nc reases  r a p i d l y  w i t h  s m a l l  in -  
c rease  i n  IF. Yet as  F i s  s m a l l  and t h e  s i z e s  o f  t h e  bed m a t e r i a l  and 
t h e  r i p p l e s  a r e  s m a l l  compar ing t o  t h e  dep th  o f  t h e  f l o w ,  t h e  wave 
r e s i s t a n c e  i s  s t i l l  r e l a t i v e l y  s m a l l .  
However, t h i s  r a p i d  i n c r e a s e  o f  f w i t h  F, wh ich  i s  due p r i m a r -  
i l y  t o  t h e  fo rm r e s i s t a n c e  caused by t h e  r i p p l e s  o r  dunes, cannot  occu r  
c o n t i n u o u s l y  w i t h o u t  l i m i t .  W i th  t h e  f o r m a t i o n  o f  r i p p l e s  o r  dunes t h e  
f l o w  i s  l o c a l l y  a c c e l e r a t e d  a t  t h e  upstream s i d e  o f  each r i p p l e  o r  dune 
and d e c e l e r a t e d  a t  i t s  leeward s i d e .  As t h e  h e i g h t  o f  t h e  r i p p l e s  o r  
dunes increases,  t h e  p r e s s u r e  as  w e l l  as  t h e  shear f o r c e  i nc reases  near  
t h e  c r e s t  o f  t h e  r i p p l e s  o r  dunes and t h e  f r e e  s u r f a c e  p r o f i l e  w i l l  a d j u s t  
a c c o r d i n g l y ,  however s m a l l  t h e  ad jus tmen t  i s .  
When t h e  v a l u e  o f  Froude number i s  s m a l l ,  i nc rease  i n  F i m p l i e s  
more f o r c e s  t o  move t h e  s e d i m e n t . t o  fo rm b i g g e r  and h i g h e r  r i p p l e s  o r  
dunes u n t i l  l a r g e  p r e s s u r e  and shear nea r  t h e  c r e s t  p r e v e n t i n g  them f rom 
g row ing .  F u r t h e r  i n c r e a s e  i n  F . i m p l i e s  a  h i g h e r  l o c a l  f l o w  v e l o c i t y  near 
t h e  c r e s t  and hence a  decrease i n  h e i g h t  o f  t h e  r i p p l e s  o r  dunes, and con- 
s e q u e n t l y  decrease i n  f .  S ince  t h e  sediment p a r t i c l e s  a r e  s u f f i c i e n t l y  
sma l l ,  e v e n t u a l l y  t h e  p l a n e  bed c o n f i g u r a t i o n  w i l l  occu r  a g a i n  as  t h e  
f l o w  becomes - - f a s t e r  and F approaches u n i t y ,  
F u r t h e r  i n c r e a s e  i n  F w i l l  r e s u l t  i n  f o r m a t i o n  o f  a n t i d u n e s .  
The p rocess  on t h e  s i z e  and h e i g h t  o f  a n t i d u n e s  a s  r e l a t e d  t o  F i s  
s i m i l a r  t o  t h a t  f o r  r i p p l e s  o r  dunes. Hence, i t  i s  c l e a r  t h a t  a  second 
peak wou ld  occu r  on t h e  f - F p l o t  f o r  a  g i v e n  dS/R. However, because 
o f  t h e  r e l a t i v e l y  r a p i d  v e l o c i t y  o f  t h e  f l o w  w i t h  a n t i d u n e s  one can ex- 
p e c t  t h a t  t h e  maximum v a l u e  o f  f i n  t h e  s u p e r c r i t i c a l  f l o w  regime wou ld  
be c o n s i d e r a b l y  s m a l l e r  t han  t h a t  i n  t h e  s u b c r i t i c a l  r e g i o n .  
I f  t h e  sediment p a r t i c l e s  a r e  ve ry  sma l l ,  as  shown by t h e  
- 4  doub le  peak c u r v e  f o r  d  / R  = 10 x  10 i n  F i g .  1, because o f  eas iness  
S 
o f  t h e  sediment t o  be moved by t h e  f l o w ,  and hence f o r m a t i o n  o f  r i p p l e s  
a t  low F, t h e  r e s i s t a n c e  c o e f f i c i e n t  s t a r t s  t o  i n c r e a s e  r a p i d l y  a t  a  
r e l a t i v e l y  low F.  S ince t h e  sediment i s  t o o  easy t o  be removed f rom t h e  
c r e s t  o f  t h e  r i p p l e s ,  t h e  r i p p l e s  canno t  grow t o o  h i g h .  Consequent ly ,  
t h e  two maximum va lues  o f  f a r e  r e l a t i v e l y  low, a p p r o x i m a t e l y  0 .10 and 
0 . 0 4  w i t h  d  / R  = 10 x  f o r  t h e  s u b c r i t i c a l  and s u p e r c r i t i c a l  regimes 
S 
r e s p e c t i v e l y ,  o c c u r r i n g  a t  r e l a t i v e l y  low v a l u e s  o f  IF, as  shown i n  F i g .  1. 
A l s o ,  i n  t h e  h i g h  F  range o f  s u b c r i t i c a l  f l o w  regime t h e  p l a n e  bed con- 
f i g u r a t i o n  c o v e r s  a  r e l a t i v e l y  l a r g e  range o f  IF. 
On t h e  o t h e r  hand, f o r  l a r g e r  p a r t i c l e s ,  a s  shown by t h e  c u r v e  
w i t h  dS/R = 30 x  l o m 4  i n  F i g .  1, because i t  r e q u i r e s  more f o r c e  t o  move 
a  l a r g e r  p a r t i c l e ,  f s t a r t s  t o  i n c r e a s e  r a p i d l y  w i t h  i n c r e a s i n g  IF a t  a  
h i g h e r  v a l u e  o f  t h e  Froude number f o r  t h e  l a r g e r  sediment than f o r  t h e  
s m a l l e r  one. S ince  i t  i s  r e l a t 4 v e l y  d i f f i c u l t  t o  push a  heavy p a r t i c l e  
up t h e  upstream s l o p e  o f  a  dune, n e i t h e r  i s  i t  easy t o  e n t r a i n  a  heavy 
p a r t i c l e  i n t o  t h e  f l o w  and then  d e p o s i t e  i t  near t h e  c r e s t  o f  t h e  dune 
where t h e  f l o w  v e l o c i t y  i s  r e a l t i v e l y  h i g h ,  one can expec t  t h a t  t h e  dune 
cannot  grow t o o  h i g h  e i t h e r .  Consequent ly ,  t h e  maximum v a l u e s  o f  f can 
- 4  
o n l y  be moderate, a p p r o x i m a t e l y  0.13 and 0.45 f o r  d  / R  = 30 x  10 , f o r  
s  
t h e  s u b c r i t i c a l  and s u p e r c r i t i c a l  regimes, r e s p e c t i v e l y ,  o c c u r i n g  a t  
- 4  h i g h e r  r e s p e c t i v e  v a l u e s  o f  B than f o r  d  / R  = 10 x  10 , as shown i n  
s  
F i g .  1 .  A l so ,  because o f  t h e  r e a l t i v e l y  l a c k  o f  h i g h  m o b i l i t y  o f  t h e  
sediment i n  t h e  f low, f o r  h i g h  range o f  s u b c r i t i c a l  f l o w  t h e  p l a n e  bed 
c o v e r s  a  nar row range o f  a p p r o x i m a t e l y  IF = 0.75 - 0.95.  
Thus, i t  i s  obv ious  t h a t  t h e r e  i s  an optimum v a l u e  o f  d  / R  f o r  
S 
wh ich  a t  t h e  a p p r o p r i a t e  IF t h e  bed fo rm c o n s i s t s  o f  dunes o f  p r o p e r  
h e i g h t  and l e n g t h  so t h a t  t h e  v a l u e  o f  f i s  a  maximum among those  f o r  
a l l  dS/R. From F i g .  1  i t  i s  seen t h a t  t h i s  optimum dS/R i s  around 0.002 
and t h e  maximum f occu rs  a t  l F ~ 0 . 3 .  I t  i s  i n t e r e s t i n g  t o  observe f rom 
F i g .  1  t h a t  f o r  s m a l l  ds/R, t h e  0.002 c u r v e  wh ich  g i v e s  t h e  maximum f i n  
t h e  s u b c r i t i c a l  f l o w  regime appears t o  g i v e  a l s o  t h e  maximum f i n  t h e  
s u p e r c r i t i c a l  f l o w  regime a t  R ~ 1 . l .  
I f  t h e  sediment p a r t i c l e s ,  and hence ds/R, a r e  s u f f i c i e n t l y  
l a r g e ,  t h e  r i p p l e  bed form w i l l  n o t  deve lop.  The bed form s imp ly  changes 
f rom p l a n e  bed t o  dunes as  IF i nc reases .  W i t h  reasons s i m i l a r  t o  those  
-. 4  d i scussed  p r e v i o u s l y  f o r  d  / R  = 30 x  10 , t h e  i n c r e a s e  o f  f w i t h  (F i s  
S 
r e l a t i v e l y  l e s s  r a p i d  than  f o r  a  s m a l l e r  d  /R, and t h e  maximum v a l u e  o f  
S 
f f o r  a  g i v e n  d  / R  w i l l  be r e l a t i v e l y  s m a l l  o c c u r i n g  a t  a  h i g h e r  IF. B e  
S 
cause o f  low m o b i l i t y  o f  t h e  sediment t h e r e  i s  no p l a n e  bed c o n f i g u r a t i o n  
f o r  h i g h  Froude number range i n  t h e  s u b c r i t i c a l  f l o w  regime. I n  f a c t ,  as  
shown i n  F i g .  1  by t h e  c u r v e  f o r  d  / R  = 70 x  i f  ds/R i s  s u f f i c i e n t l y  
S 
l a r g e ,  t h e  peak o f  maximum f i n  t h e  s u b c r i t i c a l  range o f  t h e  f - IF c u r v e  
o c c u r s  a t  such a  h i g h  t h a t  t h e r e  appears  t o  be no second peak i n  t h e  
s u p e r c r i t i c a l  f l o w  regime. P h y s i c a l l y ,  t h i s  f a c t  i m p l i e s  t h a t  the  bed 
form changes from dunes through an uns tab le  and h i g h  energy l o s s  t r a n s i -  
t i o n  r eg ion  t o  an t idunes  w i t h o u t  hav ing  t he  p l ane  bed form o c c u r r i n g .  
For l a r g e  sediment p a r t i c l e s ,  as shown by t he  cu rve  f o r  
d  / R  = 160 x  i n  F i g .  1, a l t hough  t he  bas i c  va lue  o f  f i s  h i g h  f o r  
S 
b o t h  very  h i g h  and very  low va lues o f  t he  Froude number, f o r  F between 
0.5 and 1.5 n o t  o n l y  t he  f - IF cu rve  has o n l y  one maximum f as f o r  the  
case o f  ds/R = 70 x  1 0 ' ~  b u t  a l s o  the  maximum f i s  o n l y  approx imate ly  
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equal  t o  0.06, cons iderab ly  sma l le r  than t h a t  f o r  d  / R  = 70 x  10 . 
S 
The r e l a t i v e l y  smal l  maximum f i s  appa ren t l y  due t o  t he  f a c t  t h a t  l a r g e  
p a r t i c l e s  a r e  r e l a t i v e l y  d i f f i c u l t  t o  be moved a g a i n s t  g r a v i t y  and they 
rece i ve  r e l a t i v e l y  l a r g e  drag f o r c e  f rom the  f l ow .  Hence dunes o r  any 
bed form w i t h  l a r g e  h e i g h t  gene ra t i ng  l a r g e  a d d i t i o n a l  form and wave 
res i s t ances  cannot occur .  Should t he  p a r t i c l e s  be so l a r g e  t h a t  they 
a re  comp le te ly  immovable by t he  f low,  they would a c t  as su r f ace  rough- 
ness elements on a  r i g i d  boundary and t he  cor responding f - F r e l a t i o n -  
sh i p  s imply  shows the Froude number e f f e c t  on f f o r  t h a t  p a r t i c u l a r  
r e l a t i v e  roughness (50) . 
I n  v iew o f  the  dependence o f  'f and bed form on F j u s t  d i s -  
cussed, and t h a t  f and bed form a r e  b o t h  dependent v a r i a b l e  on i d e n t i c a l  
dependent parameters as shown i n  Eqs. 9 and 16, one would expect  t h a t  
reg ions  cor responding t o  va r i ous  bed forms can be i d e n t i f i e d  i n  t he  
f - IF diagram. As shown i n  F i g .  1, exper imenta l  r e s u l t s  c o n f i r m  such 
expec ta t i on .  For t he  h i g h  f reg ion,  w i t h  i nc reas ing  F, the  bed forms a r e  
success ive ly  r i p p l e s ,  dunes, t r a n s i t i o n ,  and ant idunes.  The low f reg ion  
corresponds t o  p l ane  bed c o n f i g u r a t i o n .  Plane bed appears t o  occur  over  
the  e n t i r e  range o f  Froude number i n  t h e  s u b c r i t i c a l  f l o w  regime, a l though  
a d d i t i o n a l  da ta  w i t h i n  t h e  range o f  IF between 0 .4  and 0.5 a r e  d e s i r a b l e .  
To show f u r t h e r  t h e  c o n t i n u i t y  o f  t h e  p lane -bed  r e g i o n  i n  f - IF r e l a -  
t i o n s h i p ,  F i g .  2  i s  p l o t t e d  t o  i n c l u d e  da ta  w i t h  B / D  b o t h  g r e a t e r  and 
l e s s  than  5. 
I t  shou ld  be ment ioned h e r e  t h a t ,  because o f  t h e  l i m i t e d  
amount o f  da ta  a v a i l a b l e ,  t h e  d i f f e r e n c e  i n  measurement accuracy  f o r  
d i f f e r e n t  exper imen ts ,  and t h e  d i f f e r e n c e s  i n  d e f i n i t i o n  i n  bed form 
t e r m i n o l o g i e s ,  t h e  d i v i d i n g  l i n e s  f o r  t h e  bed forms as  w e l l  as  t h e  
l o c a t i o n  o f  t h e  cu rves  f o r  v a r i o u s  v a l u e s  o f  d  / R  i n  F i g .  1  a r e  more 
S 
i n d i c a t i v e  than q u a n t i t a t i v e .  
Exper imen ta l  r e s u l t s  a s  shown i n  F i g .  1  a l s o  c o n f i r m  t h e  r e l a -  
t i v e  impor tance o f  t h e  Froude number on f as d i s c u s s e d  i n  t h e  p r e c e d i n g  
s e c t i o n .  For f l ows  w i t h  s u f f i c i e n t l y  h i g h  Froude number, t h e  wave re- 
s i s t a n c e  becomes r e l a t i v e l y  dominant .  Hence f o r  a  g i v e n  IF, t h e  r e s i s t a n c e  
. c o e f f i c i e n t  i s  expec ted  t o  v a r y  w i t h i n  a  s m a l l  range. As shown i n  F i g .  1, 
i n  t h e  s u p e r c r i  t i c a l  f l o w  regime, f approaches t o  a  nar row range a round  
0.02 t o  0.03 as  IF i nc reases .  For IF < 0.5,  f v a r i e s  ove r  a  w ide  range 
f o r  a  g i v e n  IF. T h i s  i s  c l e a r l y  due t o  t h e  r e l a t i v e l y  low wave r e s i s t a n c e  
and hence r e l a t i v e l y  n e g l i g i b l e  Froude number e f f e c t  on f as  d i scussed  
p r e v i o u s l y .  
As shown i n  Eq. 17, t h e r e  a r e  a c t u a l l y  two o t h e r  parameters ,  R 
and V / V  , wh ich  a f f e c t  t h e  r e l a t i o n s h i p  between f and IF. Nonethe less  
t 7  
F i g .  1  shows t h a t  f o r  t h e  exper imen ts  a n a l y z e d  t h e  e f f e c t s  o f  these two 
parameters  a r e  r e l a t i v e l y  o f  secondary impor tance.  F u r t h e r  d i s c u s s i o n  
on t h i s  m a t t e r  w i l l  be g i v e n  i n  t h e  f o l l o w i n g  s e c t i o n .  
E f f e c t  o f  Reynolds Number and V + / V  on Res is tance  C o e f f i c i e n t  
"- 
A l t h o u g h  a  un ique  r e l a t i o n s h i p  among f - F - d  / R  has been 
S 
o b t a i n e d  f rom e x p e r i m e n t a l  r e s u l t s  a s  shown i n  F i g .  1  and d i s c u s s e d  
i n  t h e  p r e c e d i n g  s e c t i o n ,  Eq. 17 i n d i c a t e s  t h a t  t h e  Reynolds number 
o f  t h e  f l o w  and t h e  f a l l  v e l o c i t y  t o  shear v e l o c i t y  r a t i o  a r e  two 
o t h e r  parameters  a f f e c t i n g  t h e  f l o w  r e s i s t a n c e .  I n  f a c t ,  a s  d i scussed  
p r e v i o u s l y ,  f o r  l ow  Froude number, say ' l e s s  than  0.5,  t h e  wave r e s i s t -  
ance i s  r e l a t i v e l y  s m a l l .  The e f f e c t  o f  t h e  presence o f  . t h e  f r e e  
s u r f a c e ,  and hence IF, on t h e  r e s i s t a n c e  c o e f f i c i e n t  i s  n e g l i g i b l e .  
Thus, a p p r o x i m a t e l y ,  
I n  o t h e r  words, a  p l o t  o f  f vs .  R w i t h  dS/R and V / V  as  t h e  o t h e r  parm- 
t T  
e t e r s  s i m i l a r  t o  t h e  c o n v e n t i o n a l  Moody d iagram w i l l  be s u f f i c i e n t  t o  
de te rm ine  t h e  r e s i s t a n t  c o e f f i c i e n t  w i t h o u t  c o n s i d e r i n g  t h e  Froude number. 
T h e r e f o r e ,  f u r t h e r  c l a r i f i c a t i o n  on t h e  apparen t  p u z z l e  t h a t  f o r  low 
Froude number f l o w  t h e r e  i s  no i n f l u e n c e  o f  IF on f i n  t h e  f - IR p l o t  and 
y e t  R and Vt /VT impose n e g l i g i b l e  e f f e c t  on t h e  f - IF d iagram i s  war ran ted .  
As d i scussed  p r e v i o u s l y  i n  t h e  s e c t i o n  on d imens iona l  a n a l y s i s ,  
t h e  parameter  V t /VT  i s  a c t u a l l y  a  c o n v e n i e n t  c o m b i n a t i o n  o f  t h e  nondimen- 
s i o n a l  parameters  p S / p  and S t o  i n d i c a t e  t h e  r e l a t i v e  m o b i l  i t y  o f  t h e  
sediment nea r  t h e  channe l  bed. S ince  f o r  t h e  exper imen ts  a n a l y z e d  t h e  
f l u i d  i s  wa te r  and t h e  sediment i s  sand, p  /p  i s  a p p r o x i m a t e l y  c o n s t a n t .  
S 
The re fo re ,  V / V  a c t u a l l y  i n d i c a t e s  t h e  e f f e c t  o f  S wh ich  v a r i e d  w i t h i n  
t T 
a  l i m i t e d  range between 0.000055 and 0.0107g. 
- 
The Reynolds number r e p r e s e n t s  t h e  e f f e c t  o f  v i s c o s i t y  o f  t h e  
f l u i d .  I f  t h e  v a l u e  o f  t h e  Reynolds number o f  t h e  f l o w  i s  s u f f i c i e n t l y  
l a r g e ,  t h e  f l o w  i s  t u r b u l e n t  and t h e  sand bed i s  d e f i n i t e l y  n o t  smooth. 
Hence, t h e  e f f e c t  o f  change o f  R on f i s  expec ted  t o  be sma l l ,  i f  n o t  
n e g l i g i b l e .  For t h e  data ana lyzed  t h e  Reynolds number ranged from 
4 12,900 t o  237,500 w i t h  v e r y  few p o i n t s  below 3  x  10 . Thus by con- 
s i d e r i n g  t h e  ranges o f  R and V / V  f o r  t he  da ta  ana lyzed,  i t  may reason- 
t 7  
a b l y  be assumed t h a t  t h e i r  combined e f f e c t  on f i s  r e l a t i v e  s m a l l  as  l o n g  
as  t h e  parameter  d  / R  accoun ts  f o r  t h e  r e s i s t a n c e  due t o  boundary rough- . 
S 
ness and bed form. There fo re ,  a  un ique  f - F - d  / R  r e l a t i o n s h i p  i s  
s  
o b t a i n e d  as  shown i n  F i g . ,  1. 
I n  o t h e r  words, i f  t h e  Froude number o f  t h e  f l o w  i s  s u f f i c i e n t l y  
low, t h e  Reynolds number i s  s u f f i c i e n t l y  h igh ,  and V / V  v a r i e s  w i t h i n  a  
t 7  
l i m i t e d  range, t h e  r e s i s t a n c e  t o  t h e  f l o w  i s  due p r i m a r i l y  t o  t h e  presence 
o f  t h e  sediment p r o d u c i n g  b o t h  boundary roughness and bed form.  Bo th  t h e  
v i s c o u s  s u r f a c e  r e s i s t a n c e  and wave r e s i s t a n c e  ake comparat  i v e l y  n e g l i g i b l e .  
E i t h e r  t h e  f - F - dS/R r e l a t i o n s h i p  as  shown i n  F i g .  1  o r  Eq. 18 i s  ap- 
p r o x i m a t e l y  c o r r e c t  and s u f f i c i e n t  t o  be used f o r  d e s c r i b i n g  f .  The IF i n  
F i g .  1  and IR and V / V  i n  Eq. 18 a r e  s i m p l y  t h e  parameters  d e s c r i b i n g  t h e  
. t 7 
f l o w  c h a r a c t e r i s t i c s  and t h e  g r a v i t y  e f f e c t  on t h e  two phases ( f l u i d  and 
sediment)  and t h e i  r e f f e c t s  on t h e  bed form.  N e i t h e r  IF no r  W p r e s e r v e s  
i t s  o r i g i n a l  p h y s i c a l  meaning. 
For low Froude number f l o w s ,  i n  s p i t e  o f  t h e  f a c t  t h a t  Eq. 18 
i s  a  f o u r - d i m e n s i o n a l  r e l a t i o n s h i p ,  i t  has t h e  advantage o f  d i r e c t  c o r -  
r e l a t i o n  t o  f l o w  c o n t a i n i n g  sediment i n  p i p e s .  I n  v iew o f  t he  l a r g e  
change i n  f f o r  s m a l l  change i n  F a s  shown i n  F i g .  1  one may expec t  a  
s t u d y  o f  f - W r e l a t i o n s h i p  s i m i l a r  t o  t h e  c o n v e n t i o n a l  Moody d iagram 
wou ld  g i v e  b e t t e r  accu racy  and r e v e a l  f u r t h e r  d e t a i l s  on h y d r a u l i c  
r e s i s t a n c e  i n  sand bed channe ls .  
I n  p a r t i c u l a r ,  f o r  t h e  case o f  f l o w  o v e r  p l a n e  bed, t h e r e  i s  
no p rob lem i n  c o n s i d e r i n g  t h e  m o b i l i t y  o f  t h e  sediment i n  r e l a t i o n s h i p  
t o  t h e  f o r m a t i o n  o f  non-p lane bed fo rm and t h e  co r respond ing  form re-  
s i s t a n c e .  There fo re ,  t h e  parameter  V / V  wou ld  impose no a p p r e c i a b l e  
t T 
e f f e c t  on f and Eq. 18 can be s i m p l i f i e d  as  
wh ich  i s  v e r y  s i m i l a r  t o  t h e  Moody d iagram r e l a t i o n s h i p .  I n  f a c t ,  s i n c e  
t h e  channe l  bed i s  f l a t ,  a s  l o n g  a s  t h e r e  i s  no a p p r e c i a b l e  s u r f a c e  wave 
r e s i s t a n c e ,  t h e  r e l a t i o n s h i p  a s  shown i n  Eq. 19 need n o t  be r e s t r i c t e d  
t o  low Froude number. 
As shown i n  F i g .  3, a n a l y z e d  data  f o r  p lane-bed f l o w s  w i t h  IF 
up t o  a p p r o x i m a t e l y  u n i t y  appears t o  v e r i f y  t h e  un ique  r e l a t i o n s h i p  as  
i n d i c a t e d  i n  Eq. 19. For a  g i v e n  d  / R  a t  low v a l u e  o f  Reynolds number 
s  
t h e  f - R r e l a t i o n s h i p  f o l l o w s  t h e  c u r v e  on Moody d iagram h a v i n g  t h e  
e q u i v a l e n t  r e l a t i v e  roughness.  I t  s h o u l d  be no ted  h e r e  t h a t  n u m e r i c a l l y  
dS/R does n o t  equa l  k/R. As t h e  v a l u e  o f  R i n c r e a s e s  t h e  sediment s t a r t s  
t o  move and t h e  f l o w  r e s i s t a n c e  f o r  p lane -bed  case i s  h i g h e r  than t h a t  
f o r  t h e  c o r r e s p o n d i n g  r i g i d  boundary a s  a d d i t i o n a l  energy i s  needed t o  
t r a n s p o r t  t h e  sediment.  Consequent ly ,  t h e  f - IR c u r v e  f o r  t h e  p l a n e  bed 
w i t h  a  g i v e n  dS/R d e v i a t e s  f rom t h a t  f o r  t h e  r i g i d  boundary and f o r  a  
g i v e n  R t h e  v a l u e  o f  f i s  h i g h e r  f o r  t h e  fo rmer .  A t  t h e  e a r l y  s tage  o f  
d e v i a t i o n  f rom the  r i g i d  boundary f - IR r e l a t i o n s h i p ,  t he  va lue  o f  f 
f o r  the  plane-bed f l o w  decreases a s  IR increases.  However, w i t h  more 
sediment i n  mo t i on , f o r  h i ghe r  IR t he  va lue  o f  f increases w i t h  t h e  
Reynolds number. 
Corresponding t o  t h e  t r e n d  f o r  i nc reas ing  k/R i n  t h e  Moody 
diagram i t  i s  obvious t h a t  the  f a m i l y  o f  t he  f - R curves f o r  the  p lane-  
bed case i s  such t h a t  f o r  a  g i ven  R t h e  l a r g e r  d  / R  t h e  l a r g e r  t he  va lue 
S 
o f  f as shown i n  F i g .  3.  P h y s i c a l l y  t h i s  corresponds t o  (a) more energy 
i s  necessary t o  p u t  t he  l a r g e r  p a r t i c l e s  i n t o  mot ion,  and (b) l a r g e  dS/R 
imp1 i es  h i g h  boundary roughness. 
Recent ly  Lovera and Kennedy (33) ob ta i ned  s i m i l a r  r e l a t i o n s h i p  
f o r  p lane-bed h y d r a u l i c  r es i s t ance .  By i n c l u d i n g  f i e l d  data they covered 
a  h i ghe r  range o f  Reynolds number. However, they d i d  no t  pay s u f f i c i e n t  
a t t e n t i o n  t o  t he  lower and upper l i m i t s  o f  t h e i r  f - IR curves.  The per-  
t i n e n t  p o r t i o n  o f  Lovera and Kennedy's r e s u l t  i s  p l o t t e d  i n  F i g .  3  f o r  
compa r i son. 
As mentioned p r e v i o u s l y  f o r  bed forms o t h e r  than p l ane  bed, i n  
d i scuss ing  the  r e l a t i o n s h i p  between f and IR a  r e s t r i c t i o n  o f  low Froude 
number, say l e s s  than 0.5, i s  necessary so t h a t  r e l a t i v e l y  the e f f e c t  
due t o  wave res i s t ance  can be neg lec ted  and hence Eq. 18 a p p l i e s  approx i -  
ma te l y .  For a  g i ven  ds/R i n  a  f l o w  w i t h  lowIF, a l t hough  t he  f - I R  
r e l a t i o n s h i p  i s  approx imate ly  unique f o r  t he  range o f  V / V  cons idered  
t T  
f o r  p l ane  bed as shown i n  F i g .  3, Eq. 18 shows t h a t  f o r  f l o w  w i t h  dunes 
and r i p p l e s  f i s  a l s o  a  f u n c t i o n  o f  V / V  . 
t T  
I n t u i t i v e l y ,  f o r  a  l a r g e  va lue  o f  V / V  , the sediment p a r t i c l e s  
t - i  
a r e  l e s s  mob i le  i n  the f l o w  than f o r  sma l l  V / V  ; hence the  bed w i l l  remain 
t T  
l onger  t o  be p l ane  w i t h  i nc reas ing  R f o r  t he  former than f o r  the  l a t t e r .  
A lso,  i f  dunes and r i p p l e s  a r e  found, f o r  the  same va lue  o f  Reynolds 
number the h e i g h t  o f  t he  dunes o r  r i p p l e s ,  and consequent ly  f, i s  sma l le r  
f o r  l a r g e r  Vt /VT than f o r  sma l l  V / V  
t 7 '  
Conversely, f o r  a  g iven  va lue  o f  V / V  , which means the same 
t 7  
degree o f  m o b i l i t y  o f  the  sediment p a r t i c l e s  i r r e s p e c t  t o  t h e i r  s i zes ,  
t he  l a r g e r  t he  s i ze ,  the more the form res i s t ance .  Consequently, f o r  a  
g i ven  IR and V / V  , f i s  h i ghe r  f o r  l a r g e r  d  / R  than f o r  t he  sma l l e r  one. 
t 7 S 
A  schematic p l o t  o f  f as a  f u n c t i o n  o f  R and d  / R  f o r  low F i s  shown i n  
S 
F i g .  5 .  Wi th  a  cons tan t  V / V  , as shown i n  F i g .  5, f o r  a  g i ven  ds/R the 
t 7 
f - R curve  con t inues  from t h a t  i n  t he  p lane-bed reg ion  as shown i n  F i g .  3 
i n t o  r i p p l e  o r  dune reg ions  where f increases w i t h  i nc reas ing  B f o r  t he  
range o f  R f o r  f l ows  i n  f lumes o r  r i v e r s .  
For a  cons tan t  V / V  , the  bed form reg ions  i n  t he  f - IR p l o t  t 7  
can a l s o  be i d e n t i f i e d  as shown schema t i ca l l y  i n  F i g .  5 f o r  t he  case o f  
V / V  = b. The l o c a t i o n  o f  t he  d i v i d i n g  l i n e s  f o r  the  bed-form reg ions 
t T  
w i l l  change i f  t he  va lue  o f  V / V  changes. For ins tance,  i n  F i g .  5 f o r  
t T  
V / V  = a  the  d i v i d i n g  l i n e s  w i l l  l i e  t o  the  r i g h t  s i d e  o f  t h e  co r re -  
t T 
sponding d i v i d i n g  l i n e s  f o r  V / V  = b  s i nce  a  > b  imp l i es  the  sediment 
t T 
i s  l e s s  mob i l e  f o r  case a than f o r  b .  
The a n t i c i p a t e d  r e l a t i o n s h i p  among f ,  IR, ds/R, and Vt/V7 f o r  
f l ows  w i t h  low va lues o f  Froude number as shown schema t i ca l l y  i n  F i g .  5 
i s  v e r i f i e d  i n  a  l i m i t e d  degree w i t h  f lume exper iments ( ~ i ~ .  4) .  By 
comparison o f  the  t h r e e  p l o t s  f o r  t h r e e  d i f f e r e n t  va lues  o f  Vt /VT i n  
F i g .  4 , i t  can be seen t h a t  q u a l i t a t i v e  r e l a t i o n s h i p  as shown i n  F i g .  5 

agrees w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  However, more data  i s  needed t o  
g i v e  r e l i a b l e  q u a n t i t a t i v e  d e s c r i p t i o n  o f  Eq. 18. 
A p p l i c a t i o n s  and Suqqest ions  
The t e c h n i q u e  t o  d e t e r m i n  t h e  h y d r a u l i c  r e s i s t a n c e  i n  sand-bed 
channe l  based on t h e  r e s u l t s  o b t a i n e d  i n  t h i s .  s tudy  f o r  e n g i n e e r i n g  
a p p l i c a t i o n s  i s  r a t h e r  s imp le .  W i t h  s u f f i c i e n t  da ta ,  a  r e l i a b l e  d i a -  
gram o f  t h e  r e s i s t a n c e  c o e f f i c i e n t  f vs.  Froude number o f  t h e  f l o w ,  IF f o r  
d i f f e r e n t  v a l u e s  o f  dS/R can be p l o t t e d .  I f  t h e  f l o w  under c o n s i d e r a t i o n  
i s  a p p r o x i m a t e l y  s teady,  u n i f o r m  and two d imens iona l ,  t h e  r e s i s t a n c e  co- 
e f f i c i e n t  f can be de te rm ined  f rom F i g .  1  once t h e  v a l u e s  o f  IF = ~/fi 
and d  / R  a r e  computed. To de te rm ine  f t h e r e  i s  no need t o  know i n  ad- 
s  
vance t h e  bed form o f  t h e  channe l  wh ich  can a l s o  be found f rom F i g .  1 .  
F u r t h e r  e n g i n e e r i n g  compu ta t i on  and d e s i g n  can then  be proceeded a f t e r  
f i s  known. 
However, i f  t h e  v a l u e  o f  t h e  Froude number o f  t h e  f l o w  i s  
s m a l l ,  say f o r  IF < 0.45, b e t t e r  accu racy  on t h e  v a l u e  o f  f can be o b t a i n e d  
by u s i n g  f i g u r e s  s i m i l a r  t o  F i g s .  3  and 4. I f  f rom F i g .  1  i t  i s  i n d i -  
c a t e d  t h a t  t h e  bed form i s  d e f i n i t e l y  f l a t ,  then F i g .  3  can be used t o  
' g i v e  t h e  v a l u e  o f  f w i t h  t h e  v a l u e  o f  t h e  Reynolds number o f  t h e  f l o w  
known. I f  t h e  bed form i s  r i p p l e s  o r  dunes, t h e  v a l u e  o f  Vt /VT has t o  
be e v a l u a t e d  b e f o r e  F i g .  4  can be used t o  de te rm ine  f .  
The above t e c h n i q u e  f o r  e n g i n e e r i n g  a p p l i c a t i o n s ,  s i m p l e  as i t  
i s ,  depends on t h e  a v a i l a b i l i t y  o f  s u f f i c i e n t  amount o f  a c c u r a t e  data  so 
t h a t  d iagrams l i k e  F i g s .  1, 3, and 4  can be p l o t t e d .  Thus, i t  i s  obv ious  
t h a t  more w e l l - p l a n n e d  l a b o r a t o r y  exper imen ts  a r e  d e s i  r a b l e .  Moreover, 
f i e l d  data  f rom n a t u r a l  r i v e r s  shou ld  a l s o  be a n a l y z e d  t o  v e r i f y  t h e  
v a l i d i t y  o f  t h e  techn ique  proposed i n  t h i s  s tudy and t o  c o v e r  a  
b r o a d e r  range o f  f l o w  c o n d i t i o n s .  
A l t h o u g h  n a t u r a l  r i v e r s  a r e  u s u a l l y  w i d e  i n  compar ison t o  
depth  o f  f l ow ,  t h e  c r o s s - s e c t i o n a l  shape e f f e c t  on f l o w  r e s i s t a n c e  
n e v e r t h e l e s s  w a r r a n t s  f u r t h e r  c o n s i d e r a t i o n s .  I n  p a r t i c u l a r ,  b e t t e r  
knowledge i n  t h e  e f f e c t  o f  B / D  may make p o s s i b l e  development o f  im-  
p r o v e d  methods f o r  s i d e - w a l l  e f f e c t  c o r r e c t i o n s  and f o r  c o r r e l a t i o n  
between f i e l d  and l a b o r a t o r y  da ta .  Research on o t h e r  g e o m e t r i c  
e f f e c t s  such as n o n u n i f o r m i t y  o r  c u r v a l i n e a r  a l i g n m e n t  o f  t h e  channe l  
a s  w e l l  as t h e  e f f e c t  o f  n o n u n i f o r m i t y  o f  t h e  s i z e  o f  sediment p a r t i c l e s  
i s  a l s o  h i g h l y  d e s i r a b l e .  
V I  . CONCLUSIONS 
Through d imens iona l  a n a l y s i s  and a n a l y t i c a l  c o n s i d e r a t i o n s  
based on concep ts  o f  f l u i d  mechanics t h e  h y d r a u l i c  r e s i s t a n c e  t o  f l o w  
i n  sand-bed channe ls  has been a n a l y z e d  by u s i n g  a v a i l a b l e  e x p e r i m e n t a l  
da ta  and t h e  f o l l o w i n g  c o n c l u s i o n s  a r e  drawn f o r  f l o w  o f  w a t e r  h a v i n g  
w i d t h  t o  dep th  r a t i o  g r e a t e r  t han  5 .  
1. There  i s  a  un ique  and s y s t e m a t i c  r e l a t i o n s h i p  showing t h e  
Weisbach r e s i s t a n c e  c o e f f i c i e n t  f as  a  f u n c t i o n  o f  t h e  Froude 
number o f  t h e  f l o w  and t h e  sediment p a r t i c l e  s i z e  t o  h y d r a u l i c  
r a d i u s  r a t i o  as  shown i n  F i g .  1. The bed form wh ich  i s  a l s o  a  
dependent v a r i a b l e  i s  a l s o  u n i q u e l y  de te rm ined .  
2.  For f l o w s  w j t h  t h e  Froude number around u n i t y  and h i g h e r ,  t h e  
wave r e s i s t a n c e  i s  a  dominant  f a c t o r  i n  d e t e r m i n i n g  f w h i l e  t h e  
e f f e c t  due t o  changes o f  v a l u e s  o f  t h e  Reynolds number o f  t h e  
f l o w ,  IR, and p a r t i c l e  f a l l  v e l o c i t y  t o  shear v e l o c i t y  r a t i o ,  
V t /V7 ,  i s  r e l a t i v e l y  n e g l i g i b l e .  . 
3 .  For  f l ows  w i t h  Froude number l e s s  than a p p r o x i m a t e l y  0.5, t h e  
wave r e s i s t a n c e  due t o  g r a v i t y  and e x i s t a n c e  o f  t h e  f r e e  s u r f a c e  
i s  r e l a t i v e l y  s m a l l .  Consequent ly ,  R and V t / v  p l a y  a  more im-  
7 
p o r t a n t  r o l e  i n  d e t e r m i n i n g  f f o r  low Froude number f l o w s  t h a n  
f o r  h i g h  F. Unique r e l a t i o n s h i p s  e x i s t  among f, R,  ds/R, and 
V / V  as  shown i n  F i g s .  4 and 5 .  
t 7  
4. The p l a n e  bed form i s  c o n t i n u o u s  on t h e  p l o t  o f  f vs .  IF, 
c o v e r i n g  a  w i d e  range o f  IF as  shown i n  F i g s .  1  and 2. 
For  f l o w s  w i t h  p l a n e  bed t h e  r e s i s t a n c e  c o e f f i c i e n t  f 
i s  o n l y  a  f u n c t i o n  o f  R and dS/R b u t  n o t  o f  vt/v7 p r o v i d e d  
t h e r e  i s  n o  a p p r e c i a b l e  wave r e s i s t a n c e .  
5 .  The t e c h n i q u e  and r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y  appears  
t o  be s i m p l e  f o r  e n g i n e e r i n g  a p p l i c a t i o n s .  However, more 
r e 1  i a b l e  data ,  p a r t i c u l a r l y  t hose  o b t a i n e d  f rom n a t u r a l  
r i v e r s  a r e  needed t o  de te rm ine  a c c u r a t e  q u a n t i t a t i v e  r e l a -  
t i o n s h i p  between f and c o n t r o l  pa ramete rs .  
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APPENDIX 
TABLE OF DATA EVALUATED 
(1) Colorado Sta te  Un ivers i t y ,  Ref. (18) 8 - f t  flume 
A .  d  = 0.19 rnrn V t  = 0.103 fps  
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Run Q D R S V f R F B/D Vt/VT d  / R  
v~ , S 
Bed 
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( 1 )  c o n t ' d .  
Rvn Q D R S V V f IR F B / D  V t / v ~  ds/R Bed 
'C No. 4 Form 
c f s  f t f t x 1 0  f p s  f p s  , x 1 0  
Plane 
P 1 ane 
R i p p l e s  
R i p p l e s  
R i p p l e s  
R i p p l e s  
R i p p l e s  
R i p p l e s  
R i p p l e s  
R i p p l e s  
R i p p l e s  
R i p p l e s  
Dune 
R i p p l e s  
Dune 
R i p p l e s  
R i p p l e s  
R i p p l e s  
( 1 )  D .  c o n t ' d .  
Run Q D 
No. 
c f s  f t 
S V 
x10 f p s  
Bed 
For rn 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
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S t  and i ng 
Wave 
Plane 
Trans i t  i o n  
Dune 
S t  and i ng Wave 
Trans i t  i o n  
Trans i t  i o n  
S t  and i ng Wave 
Trans i t  i o n  
Trans i t  i o n  
Standing Wave 
( 1 )  D .  c o n t ' d .  
Run Q D R S V V f IR IF B / D  V t / V  
T 'T dS/R Bed No. 4 Form c f s  f t f t x 1 0  f p s  fps  x 1 0  
S t a n d i n g  Wave 
Stand i n g  Wave 
Trans i t  i o n  
An t  i dune 
An t  i dune 
A n t i  dune 
An t  idune 
Ant  i dune 
Run Q D R S V V f R IF B/ D V t / V  dS/R Bed 
No. 7 4 Form 
c f s  f t  f t x 1 0  f p s  fps  x 1 0  
17.7 Dunes 
24.5 Dunes 
16.4 Dunes 
15.4 Dunes 
23.7 R i p p l e s  
24.1 R i p p l e s  
24.5 R i p p l e s  
24.7 R i p p l e s  
29.5 R i p p l e s  
Ln 
0 
( 1 )  E .  c o n t ' d .  
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Dunes 
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Form 
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Trans i t  i o n  
Plane 
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Plane 
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A n t i  dune 
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Standing Wave 
Stand i ng Wave 
Standing Wave 
S t  and i ng Wave 
Run Q D R S V V f R F B / D  V t / V ~  d s /R Bed No. T 4 Form c f s  f t f t x 1 0  fps  f PS x 1 0  
- - 
8 4  15.36 0.41 0.372 740 4.67 0.298 0.0326 141000 1.29 19.5 1.94 54.4 An t  idune 
69 15.54 0.43 0.388 734 4.48 0.303 0.0366 170700 1.20 18.6 1.91 39.7 An t  idune 
98 15.80 0.44 0.396 821 4.51 0.324 0.0412 161300 1.20 18.2 1.79 38.9 Ant  i dune 
68 20.94 0.53 0.468 740 4.95 0.334 0.0364 232000 1.20 15.1 1.73 32.9 S t a n d i n g  Wave 
100 21.42 0.51 0.452 790 5 - 2 8  0.339 0.033 184000 1.30 15.7 1 .71 34.1 P lane 
gg 21.27 0.50 0.444 806 5.32 0.339 0.0324 216800 1.33 16 1.71 34.7 Ant i dune 
9 7  12.01 0.37 0.339 960 4.07 0.323 0.0504 127100 1.18 21.6 1.79 45.4 An t  idune 
F. ds = 0.93 mm V = 2.27 f p s  t 
- -  -- - 
Run Q D R S ' V VT f R F B / D  V t / V  dS/R Bed 
No. 5 4 Form 
C ~ S  f t  f t x 1 0  fo.5 ~ D S  ~ 1 0  
P lane 
P lane 
P lane 
P lane 
P lane 
P lane  
Dune 
Dune 
P 1 ane 
P lane 
(1 
Run 
No. 
7 
30 
3 1 
15 
2 3 
3 2 
24 
14 
34 
16 
3 5 
17 
3 3 
5 
10 
37 
3 6 
6 
7 
3 8 
F . c o n t ' d .  
Q D 
c f s  f t  
Bed 
Form 
P l  ane 
Plane 
Dune 
P l  ane 
Plane 
P l  ane 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
I 
( 1 )  F. con t ' d .  
Run Q D R S V V f IR IF B / D  
v t / v T  d  / R  Bed T S No. 4 Form 
c f s  f t f t x10 f p s  fps x10  
Dune 
Dune 
Dune 
T r a n s i t i o n  
T r a n s i t  i o n  
T r a n s i t  i o n  
Trans i t  ion  
Trans i t  i o n  
T r a n s i t  i o n  
Trans i t  i on 
Standing Wave 
S tand ing  Wave 
Standing Wave 
Standing Wave 
(2 )  Bar ton and   in( 4 ) ,  4 - f t  f lume 
d =0 .18mm 
s 
V = 0.085 fps  t 
,Run Q D R S V V f W IF B / D  
T V t / V ~  dS/R Bed yo 4 Form 
c f s  f t f t x10 f p s  fps x10 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
I 
( 2 )  c o n t  Id. 
Run Q D R S V V f R F B / D  
Vt'V'T d  /R  Bed 'T S No. 4 Form 
c f s  f t f t x10  f p s  fps  x 1 0  
Dunes t o  
Sand Bar 
F l a t  
F l a t  
F l a t  
F l a t  
F l a t  
F l a t  
F l a t  
F l a t  
F l a t  
F l a t  
F l a t  
( 3 )  C I T  Experiments 
A. Brooks (8) 0.875-ft flume 
t d s = 0.16 mm Vt  = 0.067 fps  
Run Q D R S V V f IR tF B/D  d /R 
V t / V T  s 
Bed 
T No. 4 Form 
c f s  f t f t x10 fps  f PS x10 
Smoot h 
Smooth 
S moot h 
Meanders 
Smoot h 
Smooth 
Meanders 
Dunes 
Dunes 
Meanders 
Dunes 
Dunes 
( 3 )  c o n t ' d ,  
B .  Brooks and Vanoni ( 8  ) 2.79-ft f lume, d = 0.137, V t  = 0.049 fps 
S 
Run Q D R S V V f IR F B / D  d /R 
'r "tlV'r s 
Bed 
No. 4 For rn 
I c f s  f t f t x10 f p s  fps x10 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
F l a t  
F l a t  
Dunes 
Dunes 
Dunes 
Dunes 
Dunes 
F l a t  
F 1 a t  
a Dune s e c t i o n  o f  f l o w  w i t h  a long  sand wave 
b ~ l a t  s e c t i o n  o f  f l o w  w i t h  a l ong  sand wave 
( 3 )  con t ' d .  
C .  Kennedy ( 2 3 )  0.875-ft f lume 
d = 0.549 mm V = 1.00 f ps  
S t 
- 
,R IJ n Q D R S V V f IR IF B/D d /R 
V t / v T  5 
Bed 
T No. 4 Form 
c f s  f t  - f t  x10 f p s  fps XI 0 
(3) con t 'd ,  
D.  Kennedy (23) 2.79-ft f lume 
ds = 0.233 mm Vt  = 0.181 fps  
Run Q D R S V V f 1R F B / D  V t / V T  ds/R Bed 
T 
'No. 4 Form 
c f s  f t  f t x10 fps  f PS x10 
( 3 )  D .  con t ' d .  
Run Q D R S V V f IR F B / D  V t / V ~  d s / R  Bed T 
No. 4 Form 
c f s  x10 fps fps x10 
E.  Kennedy (24) 2.79-ft flume 
d = 0.142 mm 
S 
V t  = 0.053 fps  
Run Q D R S V V f IR IF B / D  d /R 
T v t / v T  s 
Bed 
No. 4 Form 
c f s  f t f t x10 fps  fps x10 
3-1 1.395 0.550 0.395 56 0.9 1 0.084 0.068 29700 0.22 5.08 0.631 11.8 Dunes 
3-4 1.403 0.441 0.335 145 1.14 0.125 0.096 31600 0.30 6.33 0.424 13.9 Dunes 
3-2 1.045 0.373 0.294 206 1.35 0.140 0.086 32800 0.39 7.49 0.378 15.9 Dunes 
3-7 1.395 0.345 0.277 198 1 .45 0.133 0.067 33200 0.44 8.09 0.398 16.8 Dunes 
3-5D 1.395 0.340 0.273 160 1.47 0.1 19 0.052 33200 0.44 8.21 0.445 17.1 Dunes (S .W .) 
( 3 )  E .  c o n t ' d .  
, Run Q D R S V V f IR IF B/D Vt/'JT dS/R Bed 
T 
' No. 4 Form 
c f s  f t f t x 1 0  f p s  fps  x 1 0  
3-5F 1.395 0.254 0.215 250 1.97 0.131 0.036 35000 0.69 11 .OO 0.404 21 .7 ~ l a t  ( S  . w . )  
3-6a 1.397 0.235 0.201 198 2.13 0.113 0.023 35400 0.78 11 .90 0.469 23.2 F l a t  
3 -6  1.397 0.233 0.200 207 2.15 0.115 0.023 35500 0.78 12.00 0.461 23.3 F l a t  
3-6b 1 .045 0.228 0.196 221 2.21 0.118 0.023 35800 0.82 12.25 0.449 23.8 F l a t  
F. Vanoni  and Hwang (47 )  3 .61 - f t  f l u m e  
d = 0.206 mm Vt  = 0.111 f p s  
S 
Run '2 D R S '  V V f IR IF B / D  Vt/V, dS/R Bed 
'T No. - 4 Form 
c f s  f t f t x 1 0  f p s  fps  x 1 0  
(4 )  S te in  (44)  4-ft  flume 
d = 0.4 mm 
S 
Run Q D R S V V f IR IF B / D  d /R 
't "dV't s Bed No. 4 Form 
I c fs  f t  f t  x10 fps f PS x10 
(4) c o n t ' d .  
Run Q 
No. 
c f s  
Vt/V, dS/R Bed 
4 Form 
x10 
,(4) cont  Id. 
Run 0- D R S V V f R IF B / D  V t / V T  ds/R Bed 
T No. 4 Form 
c f s  f t f t x10 f p s  fps x10 
